The exact dependence of wear factor on contact stress, load and apparent contact area is much disputed in the literature. This study attempts to solve this dispute. Pin-on-plate studies of ultra high molecular weight polyethylene against stainless steel were conducted under di erent combinations of load (33-250 N ), nominal stress (0.56-12.73 MPa) and face diameter, as well as two tests where both stress and load were kept constant, while the diameter was changed. For these tests the centre of the pin face was bored out to create four di erent average pin diameters with similar face areas. Diameter and load were found to have no signi cant e ect on the wear factor, while the wear factor decreased with increasing contact stress according to the relation K=2×10Õ 6sÕ 0.84.
NOTATION
ness term has been incorporated into the wear factor. Archard assumed Hertzian contact theory for a at K wear factor (mm3/N m) non-deformable surface in contact with a nominally at deformable surface with spherical asperities evenly L load (N ) R a surface roughness parameter (ím) distributed in depth. UHMWPE ultra high molecular weight polyethylene V wear volume (mm3) 1.2 E ect of stress and load on wear factor x sliding distance (m) Although the Lancaster equation suggests that the wear volume is dependent only on the particular combination of materials, the load and the distance slid, the situation 1 INTRODUCTION may not be quite so simple. The literature is divided as to the exact e ect of load and stress on the wear rate of 1.1 Wear ultra high molecular weight polyethylene ( UHMWPE ). The simple model of wear, according to the Lancaster This is made more di cult by the di erent operating equation [1] states that V =KLx, where V is the wear conditions in each study, including di erences in apparvolume (mm3), L is the load (N ), x is the sliding disatus and lubricants. tance (m) and K is the wear factor (mm3/N m). This Barbour et al. [4] , using pin-on-plate apparatus, indicates that the wear volume is dependent on the load indicated that the wear factor decreases with increasing and the sliding distance for any given con guration. The nominal contact stress. Wang et al. [5 ] showed the e ect nominal contact stress across the interface does not of maximum contact stress on the wear of UHMWPE appear. This is because the real contact area increases using arti cial hips, by altering the radial clearance. with increasing load, while the apparent contact area These ndings agreed with the Barbour et al study but remains constant [2] . The Lancaster equation is a simplicontradicted previous work [6, 7] . ed form of the Archard wear equation [3] , which Rose et al. [6 ] and Rostoker and Galante [7] both included a term for the hardness. In this case, the hardfound an exponential increase in wear with increasing load and increasing contact stress respectively. The
The MS was received on 7 November 2003 and was accepted after results in these studies were presented as mass loss per revision for publication on 8 December 2003.
unit sliding distance, and penetration depth per unit
When the results were converted to a wear factor, this surfaces with similar wear patterns and defects to those seen in clinically retrieved samples. This has been seen relationship was found to be no longer the case. Rose et al. showed very little variation in the wear factor in pin-on-plate [10, 11] , pin-on-disc [12] and simulator [13] studies. except for a large increase at the very highest stress, while Rostoker and Galante showed lower wear factors for
The pins were each independently statically loaded by placing masses at various lengths along four loading stresses around 10 MPa, but higher wear factors both above and below this. arms (Fig. 1 ). Bovine serum diluted to 30 per cent, with 0.2 per cent sodium azide added to retard bacterial Sathasivam et al. [8] found that the average mass loss on the pins at rst increased and then decreased with degradation, lubricated the pin-plate interface (15.6 g/l protein concentration). decreasing nominal stress. This trend does not change when converted to a wear factor since all pins in the The number of cycles was measured by a noncontacting Hall-e ect probe. The temperature was kept study were subjected to the same loads.
More recently, Mazzucco and Spector [9 ] concluded at a constant 37°C. A level sensor was attached to one side of the bath to control the amount of lubricant in that the wear factor for UHMWPE pins against CoCrMo plates was not dependent on the load nor on the bath. An unloaded control pin was also used to correct for the amount of uid uptake. This was in the bath the contact stress. Instead they found it to be dependent on the apparent contact area. However, their results did to the same depth as the test pins but did not articulate. show a decrease in wear factor with increasing contact stress.
3 MATERIALS AND METHODS Archard's work appears to be applicable to all the references cited above, in which UHMWPE is tested 3.1 Materials against a metal. This paper attempts to solve the dispute within the literature concerning the exact relationship 3.1.1 Stainless steel between the magnitude of the wear factor and the load Stainless steel plates of dimensions 48 mm ×24 mm× applied to the system. 3 mm were machined from bar stock supplied by RS Components. The stainless steel was 316 highly corrosion resistant material. While the British Standard 2 APPARATUS refers to an initial R a <50 nm, industry produces joints with surface roughnesses that are much lower than this. The four-station pin-on-plate machine had indepen-
The initial R a values of the plates used were between dently generated reciprocating and rotational motion.
5.25 and 13.30 nm, which is comparable with the values Figure 1 shows the set-up of the rig. The plates reciproproduced on arti cial joints by manufacturers. cated at 1 Hz with a stroke length of 25 mm, while the pins rotated at 1 Hz around their central vertical axis.
3.1.2 Ultra high molecular weight polyethylene Each of the pins had a separate motor to provide rotation. The addition of rotation to the reciprocation The pins were machined from a rod of gamma-irradiated UHMWPE (0.254-0.297 MRad ). All pins were motion has been found to give wear rates more comparable with clinically observed wear rates, and to give worn machined with the same orientation within the bar to prevent any possible directional e ects.
All pin designs and test conditions are detailed in Table 1 and had a connector of 5 mm diameter to t into the pin holder. For tests B and C, the pins were required to have similar face areas, while di ering in radius. As such the centres of pins 2 to 4 were machined out to a depth of 2 mm, causing the pin's face to be an annulus for those pins. For test F, a pin of face diameter 5 mm was used. However, owing to the large loads applied during this test, a pin with a larger midsection was manufactured to decrease any buckling or bending of the pin under load.
One pin was tested under each set of conditions, except in the case of tests D and E which were conducted under identical conditions. The results from these two tests agreed well but were presented as individual data points in accordance with the other tests. This gave an overall indication of the trend for each of the factors 
Methods
points on the perimeter also di er. Figure 2 [11] shows the paths taken by points which began at di erent pos-
Cleaning and weighing protocols
itions on the circumference of the pin. Clearly not all points traversed the same path or have the same path The pins and plates were cleaned according to the protocols in the Appendix. Each component was weighed four length. Scholes [14] developed a computer program to nd times and the mean and standard deviation of the readings was found. The pin mass change was adjusted for the actual sliding distance of pins undergoing the particular motion used in the Durham machines. For the uid uptake using the mass of the control pin.
purposes of the present study, Scholes' program was modi ed to take into account the di erent pin designs.
Experimental procedure
This is a numerical integration over the surface of the After approximately 250 000 cycles the experiment was pin for small increments of angles and radii. stopped and the pins and plates removed, cleaned and weighed. The mass loss measured was converted to a volume loss using the density of UHMWPE (953 íg/mm3) and the density of stainless steel (7.85 mg/mm3) for the pins and plates respectively. The wear factors were found by using the Lancaster equation.
The lubricant was discarded and replaced with fresh serum each time that the machine was stopped to enable the pins and plates to be weighed. Each test was stopped after a minimum of 1.5×106 cycles of steady state wear, and all wearing-in data were disregarded. The plates were analysed on the Zygo NewView 100 non-contact pro lometer approximately each 0.5×106 cycles and both pins and plates were analysed post-testing.
E ect of the rotational element of motion on the sliding distance
Because of the rotational motion, paths taken by di erent points on the pin surface di ered according to position [11] . Since the rotation and reciprocation Fig. 2 The paths taken by various points along the circumference of the pin during 1 cycle [11] frequencies were both 1 Hz, the path lengths of di erent As the number of points taken into account was increased, the output values settled to the values given in Table 2 . The percentage increase found for each pin was used to adjust the values of the sliding distance, and it was always these adjusted values that were used for the sliding distance rather than the reciprocation distance.
RESULTS

The e ect of pin radius on wear factor
As can be seen in Fig. 3 , the wear factor was not a ected by the radius of the pin when both the load and the stress remained constant.
Taking into account all the other tests, regardless of Figure 4 shows that there was no clear correlation between the pin radius and the wear on the pin. The results for the 2.5 mm radius were particularly indicative for a constant nominal contact stress. This is as expected since they spanned almost the entire range of the wear since the load is used in the calculation of the wear factors seen.
factor. This implies that some other factor a ects the wear factor more signi cantly than just the load applied.
The e ect of load on wear factor
As can be seen from Fig. 5 , the magnitude of the wear factor is not greatly a ected by the applied normal load
The e ect of nominal contact stress on wear factor
From the results in Fig. 3 , we can see that, at higher loads and stresses, lower wear factors are achieved. This di erence is found to be statistically signi cant (p<0.05); a closer analysis including results from all test conditions follows. Including all data at 40 N the e ect of the stress on the pin wear can be seen, and this is shown in Fig. 6 . A decrease in wear factor is noted with increasing stress. Figure 7 shows all data regardless of the experimental conditions. The remaining data were found largely to overlap the 40 N data and are thus considered as one data set. A power-law t to these data gives the relation K=2×10Õ 6sÕ 0.84. This means that at low stresses the magnitude of the wear factor changes more rapidly as Fig. 3 Dependence of wear factor on average pin radius for two conditions of constant stress: 1.5 and 2.6 MPa the stress increases than it does at higher stresses.
either the load or the stress under which the pins were tested (R2=0.4 and 0.2 respectively). For all solid cross-section pins, a nipple became visible at the centre of the pin ( Fig. 8) . Some smaller features were seen on the micrographs both at the edges and towards the centre of the pin faces. Multidirectional scratching was noticed in some areas on many pins.
DISCUSSION
General comments
The wear factors found by Barbour et al. [4] were lower Fig. 6 The dependence of wear factor on nominal contact stress at a constant load of 40 N than those found in this study by a factor of 100 while those found by Rose et al. [6 ] were higher by a similar order of magnitude. The values found in the Durham Laboratories are, however, comparable with those found clinically. From Dowson and Wallbridge [15] the relationship between volume of wear and clinical wear factor is seen to be k clinical =volume/2.376NWr (neglecting creep). For a volumetric loss of 50 mm3/year on a Charnley joint of 22 mm diameter, implanted in a 75 kg (750 N ) person, this yields a wear factor of 2.55×10Õ 6 mm3/N m. This gure was con rmed in a study of over 200 explanted acetabular components [16 ] . Therefore, while the literature contains a wide range of reported wear factors, those from the current work do have clinical relevance. Fig. 7 The dependence of wear factor on nominal contact stress
The e ect of pin radius on wear factor
The radius of the pin does not a ect the wear factor, when all other conditions are kept the same. In these 4.4 Surface study tests the nominal face areas of each pin are very similar, 4.4.1 Plates allowing both load and stress to be kept constant. As such, it is expected that the actual contact areas will be All but two plates showed a signi cant (p<0.05) increase in surface roughness between the start and end very similar for all designs of pin [2] , and subsequently there is very little di erence in the contact of the surfaces of the test. Final mean surface roughnesses were in the range 8.81-90.0 nm. Multidirectional scratching was on a microscopic scale. This was expected but Lloyd [17] seen on the wear track. No correlation was found between the nal roughness for each plate and the conditions of testing (R2=0.1 for both load and contact stress). This indicates that, although the roughness of the plates increased signi cantly, the increase was not directly related to either the load or the stress under which the test was conducted, nor was the nal roughness dependent on the initial roughness. In addition, no correlation was found between the wear factor of the polyethylene and either the initial or the nal roughness value of the plate (R2=0.2 and 0.0 respectively).
Pins
During the course of testing, the machining marks visible on the pin faces were removed, leaving a more polished surface. The mean nal R a was in the range 221-803 nm. in his thesis suggested that there was a link between the and the load do not a ect the wear factor at all, as expected. wear factor and the radius.
During the testing, the concentric machining marks were removed from the surface of the pins early in the 5.3 The e ect of applied normal load on wear factor testing, leaving a more polished appearance. A nipple became visible at the centre of the pins. Multidirectional The wear factor does not seem to be a ected by the markings were noted on the pin surface. normal load. This is in agreement with the Archard
The plates became signi cantly rougher during the equation [3] and the Lancaster equation [1] , such that course of testing, although this increase in roughness was the wear factor is a constant of proportionality between not found to correlate with the testing conditions or the the volume loss and the product of the load and distance initial roughness of the plate. Neither the initial nor the slid for a particular material combination. The Lancaster nal roughness value of the plate was found to correlate equation is used to calculate the wear factor and, as with the wear factor of the polyethylene component such, the load is not expected to have an e ect on the tested against them (R2=0.2 and 0.0 respectively). wear factor.
